In-situ micro-level martensite CuZr phase reinforced Zr 50:5 Cu 27:45 Ni 13:05 Al 9 metallic glass matrix composite was synthesized by copper mold casting. Microstructure and compressive properties of the composite are investigated. The martensite CuZr phase possesses numerous coherent twin boundaries, and holds strong interfacial cohesion with the matrix. They both effectively induce the seeding and branching of shear bands during compression. The compressive properties of the composite are therefore improved. The fracture strength and plastic strain of composite with a diameter of 3 mm is up to 2190 MPa, 5.7% respectively.
Introduction
Monolithic bulk metallic glasses (BMGs) with a particular structure of long-range disorder, have unique mechanical properties, such as large elastic limit, high fracture strength and hardness, which endow BMGs more potential predominance on scientific research and industrial application. [1] [2] [3] [4] However, most BMGs macroscopically exhibit obvious brittleness, such as no yielding and no work-hardening behavior, during room temperature deformation, which limits their development to a great extent. The brittleness is mainly attributed to the catastrophic failure induced by highly localized shear bands (SBs). 5) Introducing a second phase into the metallic glass matrix to enhance the deformation behavior has been proved to be one of practicable ways. More composites with the improved plasticity have been achieved by designing the structural heterogeneity in the metallic glass matrix. The structural heterogeneity usually can be classified as: (1) ex-situ powder, 6) ceramic particle, 7) and fiber; 8) (2) in-situ micro-level 9, 10) or nano-level 11) precipitations from the matrix during solidification.
Recently a series of in-situ Cu-Zr based BMG composites reinforced with micro-level CuZr phase have been devoted to intense investigations. The reinforcement is a B2 CuZr phase, or compound of B2 and B19 0 CuZr phase. The structure, size, and distribution of the reinforcement are strongly influenced by the compositions and the solidification conditions. [12] [13] [14] These composites show obvious plastic deformation and work-hardening behavior under roomtemperature compression. The enhanced mechanical properties are attributed to the stress-induced martensite transformation from a cubic primitive B2 CuZr austenite phase to a monoclinic B19 0 CuZr martensite phase. [15] [16] [17] However, the effect of martensite B19 0 CuZr phase on the mechanical properties is few discussed. It is expected that the martensite phase with lots of defects, such as twins and dislocations, should be helpful to improve the properties. In this paper, a new in-situ micro-level martensite CuZr phase reinforced Zr 50:5 Cu 27:45 Ni 13:05 Al 9 metallic glass matrix composite was prepared by copper mold injection casting. The fracture strength and plasticity are improved evidently. Further, the microstructure of martensite CuZr phase, and its effects on the compressive properties of the composite are discussed in detail.
Experimental
Alloy ingots with the nominal compositions of Zr 50:5 Cu 36:45 Ni 4:05 Al 9 and Zr 50:5 Cu 27:45 Ni 13:05 Al 9 were prepared by arc melting the compositional elements with a purity of 99.9% or better in a water-cooled hearth under Ti-gettered high purity argon atmosphere. Each ingot was re-melted at least four times to ensure the chemical homogeneity. Cylindrical rods of 3, 5 mm in diameter and 60-70 mm in length were prepared by copper mold injection casting. The as-cast rods were characterized by x-ray diffractometer (XRD, Rigaku D/max2500, Cu-K radiation), and transmission electron microscope (TEM, FEI Tecnai T20) operated at 200 kV with an energy-dispersive spectrometer (EDX). The TEM samples were obtained by ion thinning with liquid nitrogen cooling. Uniaxial quasistatic compression tests for cylindrical rods with a length/diameter ratio 2 : 1 were performed on servo-hydraulic MTS 810 provided with a strain gauge under a constant strain rate of 2:0 Â 10 À4 s À1 at room temperature. Prior to compression tests the sample ends were polished carefully to ensure parallelism using a special designed jig. At least five samples of a certain diameter were tested for each alloy to get a statistical result. In order to clearly observe the interaction between the SBs and precipitation phase, a polished plane with about 0.6 mm in width and 6 mm in length was prepared on the profile of compressive sample for Zr 50:5 Cu 27:45 Ni 13:05 Al 9 alloy. Fracture morphology and profile of the samples were observed by scanning electron microscope (SEM, LEO Supra 35).
Results and Discussion
The XRD patterns of as-cast Figure 2 shows the optical images of cross-section of ascast Zr 50:5 Cu 27:45 Ni 13:05 Al 9 alloy with different diameters. They all illustrate a typical feature of metallic glass matrix composite. Numerous bright particles of CuZr martensite phase are distributed uniformly in the featureless amorphous matrix for the rod with a diameter of 3 mm, as shown in Fig. 2(a) . The average size of particles is about 65 mm, and the volume fraction is about 9%. In contrast, both the average size and volume fraction of particles are much increased when the diameter is 5 mm, as shown in Fig. 2(b) . And some bigger particles of primary crystalline phases are also observed.
The compressive stress-strain curves of composite with a diameter of 3 mm, the yield strength, fracture strength and plastic strain is up to 1559 AE 50 MPa, 2190 AE 10 MPa, and 5:7 AE 0:3% respectively. Moreover, the plastic strain and fracture strength of composite with a diameter of 5 mm is similar as that of composite with a diameter of 3 mm respectively, except that the yield strength is lowered to 1300 AE 50 MPa because of more precipitations of martensite CuZr phase. It is interesting to note that the composites all show a work hardening behavior, especially the composite with a diameter of 3 mm, which becomes more pronounced in the true stress-strain curve, as shown in the inset of Fig. 3 . The work hardening behavior is mostly likely attributed to the continuous seeding and branching of multiple SBs during compression. Undoubtedly, the compressive properties of composite are improved due to the precipitation of martensite CuZr phase. Fig. 4(b) , more details about SBs are illustrated in Fig. 4(c) . Multiple SBs are well distributed in grid patterns on the profile. Several obvious shear steps marked by the circle form under the interaction of the SBs. Clearly, high dense and well-distributed SBs can be helpful for the improved compressive properties of the composite. Figure 4(d) shows the corresponding fracture surface for Zr 50:5 Cu 27:45 Ni 13:05 Al 9 composite. It mainly exhibits the vein-like and smooth features, which are typical fracture features of BMGs. But it is much rougher and disorderly compared with the fracture surface of BMG. Moreover, lots of fine patterns marked by the circle are also observed on the fracture surface, which are related to the improved plasticity. Figure 5 shows the SEM micrographs of the polished plane of fractured compressive sample for the Zr 50:5 -Cu 27:45 Ni 13:05 Al 9 composite with a diameter of 3 mm. Micrometer-level spherical particles of martensite CuZr phase marked by the dashed circle are distributed in the metallic glass matrix, as shown in Fig. 5(a) . Among the particles a large number of branching SBs form. By magnifying the particle marked by the white dashed circle shown in Fig. 5(a) , the interaction between the spherical CuZr particle and SBs is clearly illustrated in Fig. 5(b) . The particle shows obvious crossed dense slip bands caused by the SBs, and many multiple SBs form at the interface between the particle and the glass matrix. Moreover, no crack is detected at the interface, which indicates a strong interfacial cohesion, and accordingly ensures the good loading transfer during deformation. Clearly the particles of martensite CuZr phase can effectively hamper the propagation of SBs by deflecting them at the interface and induce the multiplication of SBs.
To further understand the improved compressive properties, the microstructure of as-cast Zr 50:5 Cu 27:45 Ni 13:05 Al 9 composite with a diameter of 3 mm was revealed by TEM analyses. The micro-level martensite CuZr phase is embedded in the glass matrix, as shown in Fig. 6 . Its interface with the glass matrix is clear and no other crystalline phase can be detected. The martensite CuZr phase contains abundant staggered laths. The sizes of the laths vary diversely. And yet, the laths with near crystalline orientations have similar sizes and array orderly, especially the laths with several nanometer in width. By magnifying the region marked by the circle, the well-distributed laths with about 8 nm in width are clearly observed as shown in the upper-left inset in Fig. 6 . Moreover, such laths can be characterized as martensite CuZr superstructure (a ¼ 0:632 nm, b ¼ 0:856 nm, c ¼ 0:533 nm, ¼ 105:3
) and the (021) typed twin. 21) The corresponding selected area diffraction (SAD) pattern is shown in the lower-left inset of Fig. 6 , where the zone axis is [100], and the twin plane is (021). It is worth noting that for the twins with several nanometer in width numerous coherent twin boundaries can effectively absorb and accommodate high-density defects, and consequently attribute to improve the work-hardening ability as well as the plasticity to a certain extent. 22) For the laths with hundreds of nanometer in width, they also have the similar twin relationship as the laths with several nanometer in width. In addition, lots of dislocations are observed on the laths with hundreds of nanometer in width, but no dislocations are observed on the laths with several nanometer in width. The EDX analyses further reveal that no difference tendency to the chemical composition between the martensite CuZr phase and glass matrix is detected. The result is mainly attributed to that the adequate cooling rate may avoid the redistribution of the solute. 16) Obviously, it is concluded that the martensite CuZr phase with different sizes of staggered laths can accommodate the deformation during compression, and the laths with numerous coherent twin boundaries can effectively interact with the SBs, and consequently improve the compressive properties.
Conclusions
In summary, in-situ micro-level martensite CuZr phase reinforced Zr 50:5 Cu 27:45 Ni 13:05 Al 9 metallic glass matrix composite was successfully synthesized by substituting Ni for Cu based on Zr 50:5 Cu 36:45 Ni 4:05 Al 9 BMG. The spherical particles of martensite CuZr phase are uniformly distributed in the metallic glass matrix. There exists a strong interfacial cohesion between the martensite CuZr phase and the matrix. The martensite CuZr phase contains abundant different-size laths. Especially several nano-level sized laths in width characterized as the (021) typed twin can possess numerous coherent twin boundaries. The martensite CuZr phase with strong interfacial cohesion and numerous coherent twin boundaries can induce the seeding and branching of multiple SBs, which may account for the improved compressive fracture strength and plasticity.
